Objective: Human voluntary movement is associated with two changes in electroencephalography (EEG) that can be observed as early as 1.5 s prior to movement: slow DC potentials and frequency power shifts in the alpha and beta bands. Our goal was to determine whether and when we can reliably predict human natural movement BEFORE it occurs from EEG signals ONLINE IN REAL-TIME. Methods: We developed a computational algorithm to support online prediction. Seven healthy volunteers participated in this study and performed wrist extensions at their own pace. Results: The average online prediction time was 0.62 ± 0.25 s before actual movement monitored by EMG signals. There were also predictions that occurred without subsequent actual movements, where subjects often reported that they were thinking about making a movement. Conclusion: Human voluntary movement can be predicted before movement occurs. Significance: The successful prediction of human movement intention will provide further insight into how the brain prepares for movement, as well as the potential for direct cortical control of a device which may be faster than normal physical control.
Introduction
Much of human movement is considered volitional. Though the concept of the voluntariness has been considered within the scope of philosophy, many physiologists have now been studying it (Hallett, 2007) . Kornhuber and Deecke recorded EEG signals associated with human self-paced voluntary finger movement (Kornhuber and Deecke, 1965) and identified a slow, negative DC potential occurring as early as 1.5 s before the production of the movement. The DC potential prior to human voluntary movement was named the Bereitschaft potential (BP), and the term movement-related cortical potential (MRCP) is a later developed term that refers to all the potentials related to movement. The BP itself can be spatiotemporally divided into two components; BP1 or early BP that starts from 1.5 s before voluntary movement, a slow negative slope maximized over the central-medial scalp; and BP2 or late BP that usually starts from 400 ms before voluntary movement and has a steeper negative slope lateralized over the primary motor area (Shibasaki and Hallett, 2006) . Besides the slow DC potentials, frequency power changes are also associated with the production of human voluntary movement. Pfurtscheller et al. reported a shortlasting block/decrease of frequency power or event-related desynchronization (ERD) in the alpha band (8-12 Hz) (Pfurtscheller and Aranibar, 1979) and in the central beta band (16-24 Hz) (Pfurtscheller, 1981) beginning about 2 s before self-paced button pushing. Different from the DC potentials, the ERD in the alpha and beta bands starts bilaterally over primary motor areas. ERD in the beta band is largely contralateral before dominant hand movement, whereas it is bilateral before non-dominant hand movement (Bai et al., 2005) . Thus, the evidence shows that the brain is activated as early as 1.5-2 s before the actual execution of voluntary movement. Therefore, we may potentially predict movement intention earlier than the actual movement if we can reliably detect the features from the pre-movement slow DC potentials or ERD from EEG signals.
Libet et al. performed a series of studies investigating human awareness of voluntary movement (Libet et al., 1983; Libet, 1990 Libet, , 1991 . Subjects were asked to make spontaneous voluntary movements and record the time when they felt the first awareness of the urge to move. EEG was recorded during this task and the BP was used to assess pre-movement cortical activity. The subject's perception of awareness of the intention to move occurred 500-800 ms following the onset of the movement-related cortical
